born too soon, and survived, experience higher rates of severe respiratory infections and more hospitalizations (10, 21, 26, 36) . Knowing that 10% of infants are born too soon even in developed countries, it is imperative that we understand the cellular mechanisms that underlie the negative health outcomes later in life.
Mouse models of neonatal supplemental oxygen treatment mimic many of the pathological features described in human epidemiological studies. In mice, high oxygen (hyperoxia) exposure during the saccular stage of lung development (postnatal days 0 -4) results in structural changes to the adult lung including larger, simplified alveolar spaces, and these alterations in lung structure and function persist throughout the life of the animal (9, 12, 32, 34) . Moreover, upon challenge with influenza A virus, young adult mice that were exposed to hyperoxia as neonates demonstrate an increase in the severity of infection, as measured by greater weight loss, enhanced recruitment of leukocytes, increased epithelial injury, and poorer survival (34, 35) . Despite these changes, the overall pulmonary viral burden and kinetics of viral clearance were comparable between adult mice treated briefly with supplemental oxygen at birth and those born into room air. This is consistent with the presence of an intact CD8 ϩ T-cell response to the infection; one of the cell types critically important for clearing primary influenza virus infection (6, 16, 46) . This paradox of enhanced morbidity and mortality in the absence of an overt deficit in adaptive immune function raised the question whether there were other aspects of the antiviral response that were persistently altered by early life supplemental oxygen exposure.
Natural killer (NK) cells comprise an innate population that is essential for controlling influenza virus A infection, as elimination of NK cells results in increased mortality (15, 17) . Recent evidence also supports a role for NK cells in epithelial cell repair after clearance of influenza virus through the production of cytokine IL-22, suggesting they may be vital throughout the infection rather than only during early stages (19, 29) . Based on these factors, we developed the hypothesis that early life exposure to a hyperoxic environment persistently influences NK cell activity. In addition, we sought to identify whether alterations in NK cell responses to infection were due to effects of early life supplemental oxygen treatment on the immune system or if they were attributable entirely to changes in extra-hematopoietic tissues.
MATERIALS AND METHODS
Mice, exposure, and infection. C57BL/6 mice (CD45.2 ϩ ) and CD45.1 ϩ congenic C57BL/6 mice were obtained from the National Cancer Institute (National Institutes of Health). Newborn mice were exposed to room air (RA) or 100% oxygen (O2) as previously described (52) . Briefly, newborn mice were maintained in 100% O 2 for 96 h immediately after birth and then returned to RA. Littermates were maintained in RA. Dams were rotated between RA and 100% oxygen litters every 24 h to minimized oxygen toxicity and control for any maternal effects. Unless otherwise specified, at 8 wk of age, female mice were anesthetized with tribromoethanol (Avertin) and infected with 120 HAU HKx31 (H2N3) influenza A virus intranasally. Based on power analyses and prior experience, a minimum of five mice per group (at a single time point) is sufficient to detect statistically significant differences between means of the two groups. Thus the experimental design for our studies uses more than or equal to six mice per treatment group to provide sufficient statistical power. Each experiment was performed at least twice to ensure reproducibility. All procedures involving laboratory animals and infectious agents were reviewed and approved by the University of Rochester Institutional Animal Care and Use and Institutional Biosafety Committees. The University has accreditation through the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). All guidelines from the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals were followed in handling of vertebrate animals.
Cell preparation. Lung vasculature was perfused with PBS. Lungderived leukocytes were obtained by mincing lungs and digesting the tissue pieces in 5 ml collagenase media [RPMI 1640 media, containing 5 mM HEPES, 2.5% BSA, 0.7 mg/ml collagenase type II (Worthington Biochemical, Lakewood, NJ), and 30 g/ml DNase I] and shaking gently at 37°C for 25 min. Lung suspensions were filtered through 70-m nylon filters, and the remaining pieces were mechanically dissociated using a syringe plunger. Filters were washed with 10 ml RPMI 1640 media, supplemented with 5 mM HEPES, 2.5% BSA. Cells were pelleted, lysed with 150 mM ammonium chloride solution, and washed before counting. Bone marrow was harvested by flushing femurs and tibias with PBS containing 10% FBS. Marrow was pulled up into syringes and expelled three times to create a single cell suspension. Bone marrow cell suspensions were filtered through 70-m nylon filters. Cells were pelleted and erythrocytes were lysed with ammonium chloride before counting. All cells were enumerated using a TC10 cell counter (Bio-Rad).
Flow cytometry staining. Single cell suspensions were stained in PBS containing 1% BSA and 0.01% sodium azide (PAB). Nonspecific binding was blocked by preincubation with the anti-Fc receptor antibody CD16/32 for 15 min on ice. The following antibodies were used for extracellular staining: NK1.1 (clone PK136; BD Bioscience, San Jose, CA), CD3 (clone 145-2C11; BD Bioscience), CD11b (clone M1/70; eBioscience, San Diego, CA), KLRG1 (clone 2F1; eBioscience), and IL-23R (clone 753317; R&D Systems, Minneapolis, MN). Antibodies to extracellular antigens were added, and cells were incubated on ice in the dark from 20 to 30 min. Cells were washed twice with 200 l PAB. For intracellular staining, cells were washed with PAB and fixed with 2% paraformaldehyde. Cells were permeabilized with 0.2% saponin solution containing 3% FBS, and nonspecific binding was blocked with CD16/32 and 50 g/ml rat IgG. Intracellular levels of cytokines were evaluated with anti-IFN-␥ (clone XMG1.2; eBioscience), granzyme B (clone NGZB; eBioscience), and IL-22 (clone 140301; R&D Systems). Cells were incubated with antibodies for 45 min on ice in the dark. Cells were subsequently washed in saponin-containing solution and then in PAB. Flow cytometry was performed on an LSR II flow cytometer (BD Bioscience). Data were analyzed using FlowJo software (Treestar, Ashland, OR).
Bone marrow cell transplantation. One week before irradiation, young adult C57BL/6 (CD45.2) mice (age 5-7 wk) that were born into RA or O2 were switched to a medicated diet (Modified Isopro w/0.124% Sulfadiazine/0.025% Trimethoprim; TestDiet, St. Louis, MO) to prevent postirradiation infection. Mice were irradiated with two doses of 5.5 Gy, spaced 4 h apart ( 137 Cs Gamma Irradiator, Department of Radiation Oncology, University of Rochester). Bone marrow cells were acquired from CD45.1 ϩ congenic donors that were also exposed neonatally to O2 and RA. Within 6 h of the second dose of irradiation, 2 ϫ 10 6 bone marrow cells were transferred by intravenous injection into O2-and RA-irradiated hosts. Four groups of mice were created: RA-CD45.1¡O2-CD45.2 (RA¡O2), O2-CD45.1¡RA-CD45.2 (O2¡RA), RA-CD45.1¡RA-CD45.2 (RA¡RA), and O2-CD45.1¡O2-CD45.2 (O2¡O2). To ensure full immune system reconstitution, mice were allowed to rest for 10 wk before infection with 120 HAU X31 influenza A virus.
Statistical analysis. All statistical analyses were performed using the JMP Statistics Package (SAS, Cary, NC). For the timecourse experiments, a two-way ANOVA was first used to determine overall significance, followed by post hoc Tukey-Kramer honestly significant difference (HSD) tests. Tukey-Kramer HSD or Dunnett's tests were used for analyzing bone marrow chimera experiments. For experiments in which there were only two groups and single point in time was evaluated, a Student's t-test was used. Mean values were considered significantly different as defined by a P Յ 0.05.
RESULTS
NK cell number and maturation status are maintained after neonatal supplemental oxygen. Mice exposed to either 100% oxygen (O 2 ) or RA oxygen at birth, were infected at 8 wk of age with influenza A virus (Fig. 1A) , and NK cells in the lung were examined by flow cytometry during the course of infection. Specifically, the percentage (Fig. 1B) and number ( Fig.  1C ) of NK cells in the lung were measured in O 2 -exposed adult mice and control (RA-exposed) littermates before infection (day 0) and 3, 5, 7, and 9 days postinfection. In the absence of infection, very few NK cells were found in the lung (data not shown). However, NK cells were detected by postinfection day 3 and their number and percent peaked on days 5 and 7 before declining by day 9. There were no significant differences in the percentage or number of NK cells between the RA and O 2 groups, suggesting no overt alteration in the response of the population as a whole (Fig. 1 
, B and C).
To further investigate whether NK cell maturation or activation was disrupted by early life supplemental oxygen, CD11b and KLGR1 were used to dissect the population. NK cells devoid of both markers are defined as immature NK cells. Expression of CD11b denotes NK cell maturation, whereas upregulation of the inhibitory receptor KLRG1 distinguishes activated NK cells. The percentage of immature, mature, and activated NK cell subsets was unchanged in lungs from the RA and O 2 treatment groups at day 5 postinfection (Fig. 1D ). There was also no difference in the percentage of these NK cell subsets at the other time points evaluated (data not shown). Infection promoted expansion of the CD11b single-positive NK cells and CD11b KLRG1 double-positive NK cells subsets; however, this increase was comparable in the lungs of adult mice in both groups. (Fig. 1E) .
NK cells display persistent functional changes after early life oxygen supplementation. Conventional functions of NK cells include the production of the cytokine interferon-␥ (IFN-␥) and the ability to kill infected cells, via release of granzymes and other cytolytic mediators. To evaluate whether early life oxygen supplementation altered these typical NK cell functions, we first compared the percentage and number of IFN-␥ ϩ NK cells from the RA-and O 2 -exposed groups after infection (Fig. 2, A and B) . At day 5 postinfection, the number of IFN-␥ ϩ NK cells was comparable between the O 2 and RA groups (Fig. 2B ). There was also no difference in the percentage of IFN-␥ ϩ NK cell (data not shown). However, on day 7 postinfection, there were significantly more IFN-␥ ϩ NK cells in mice exposed to supplemental oxygen at birth, compared with RA-exposed controls (Fig. 2, A and B) . To examine if another marker of NK cell cytotoxicity was increased at this time point, granzyme B was measured by intracellular staining. Analogous to the two-to threefold increase in the frequency of IFN-␥ ϩ NK cells, there was a significant increase in the number of granzyme B ϩ NK cells (Fig. 2C) . The increase was also observed as the percentage of granzyme B ϩ NK cells (data not shown).
We next sought to determine whether early life O 2 supplementation affected other NK cell responses to infection, such as their production of the cytokine IL-22. To this end, NK cells were stained for intracellular IL-22, directly ex vivo, and evaluated by flow cytometry at days 3, 5, 7, and 9 postinfection (Fig. 3, A and B) . Three days after infection, the percentage and number of IL22 ϩ NK cells were equivalent between the RA and O 2 groups. However, beginning on day 5 postinfection, a lower percentage of NK cells were IL-22 ϩ in lungs from adult mice that had been exposed to supplemental oxygen at birth (Fig. 3A) . Moreover, this diminished frequency of IL-22 ϩ NK cells persisted and remained apparent on days 7 and 9 postinfection (Fig. 3A) . This does not appear to reflect a decrease in the level of IL-22 produced on a per cell basis but rather reflects fewer NK cells making IL-22, as the mean fluorescence intensity of IL-22 staining is not shifted (Fig. 3B) . This is further substantiated by a concurrent reduction in the number of IL-22 ϩ NK cells (Fig. 3C) . Since a subset of CD4 ϩ T cells also produces IL-22, we evaluated the percentage and number of IL-22 ϩ CD4 ϩ T cells in the lung at days 7 and 9 after infection. There was no difference in the total number of CD4 ϩ T cells in the lung (data not shown). Moreover, CD4 ϩ T cells in the infected lung did not display any difference in the percentage or number that stained positively for IL-22, suggesting that this may be an effect specific to NK cells (Fig. 3,  D and E) . To examine whether the observed changes in IFN-␥ and IL-22 resulted in a shift in the proportion of cytotoxic to regulatory NK cells, the ratio of these two subsets was calculated (Fig. 3F) . Early life exposure to a high oxygen environ- The production of IL-22 by NK cells is elicited largely via signaling through the IL-23 receptor (29) . Therefore, we examined whether early life oxygen supplementation altered the level of IL-23 receptor on NK cells, which could account for the observed reduction in IL-22 ϩ NK cells. The IL-23 receptor was measured at day 7 postinfection, a point in time that is in the midst of the decreased frequency of IL-22 ϩ NK cells. The frequency and number of NK cells expressing the IL-23 receptor were comparable in infected adult mice that were exposed to high oxygen at birth and RA littermates (Fig. 3, G and H) . The level of expression on a per cell basis was also similar, with no differences in mean fluorescence intensity observed between the groups (data not shown). Overall, this suggests that the reduction in IL-22 ϩ NK cells in the infected lung is unlikely due to reduced IL-23 receptor expression levels.
Neonatal oxygen supplementation influences hematopoietic and nonhematopoietic compartments. Differences in the response of NK cells to infection could result from O 2 -mediated effects within bone marrow-derived cells, which renders responses to infection permanently altered. If this were the case, then functional changes in hematopoietic cells would be retained and observed in the infected lung. That is, changes would still be evident when bone marrow cells from mice exposed to neonatal hyperoxia were moved into a new environment. Alternatively, neonatal oxygen supplementation could change the response of NK cells to infection in an indirect manner by causing long-lasting alterations outside of the hematopoietic system (i.e., changes in lung). To distinguish between these two scenarios, reciprocal bone marrow chimeras were created, using congenic mice that express allelic variants of the pan-leukocyte marker CD45. Importantly, before performing bone marrow cell transplantations, hematopoietic progenitor cell populations in the bone marrow from mice exposed to RA and neonatal hyperoxia were compared using flow cytometry. Within the lineage negative population, we observed a comparable number of Kit ϩ Sca-1 Ϫ cells in mice exposed to neonatal hyperoxia and controls (Fig. 4, A and B) . These cells comprise a population of precursors for granulocytes and megakaryocytes, which were also unchanged (data not shown). Likewise, the same number of Kit ϩ Sca-1 ϩ cells was detected in the bone marrow cells from both groups of mice, and further division of this population using Endoglin and CD150 showed no difference in the presence of multipotent progenitors or hematopoietic stem cells (HSC; Fig. 4 , A and C-E). Since this study focused on NK cells, further analysis of the common lymphoid progenitor cells as well as pre-pro NK cells was completed (Fig. 4F) . In summary, there is no evidence that neonatal oxygen supplementation caused detectable differences in the percentage or number of any bone marrow cell immune progenitor cell populations (Fig. 4, G 
-J).
After it was established that neonatal hyperoxia did not explicitly change the presence of bone marrow progenitors, lethally irradiated C57BL/6 (CD45.2) recipient mice that were exposed to hyperoxia or RA at birth were reciprocally reconstituted with bone marrow cells from congenic B6.CD45.1 mice that were similarly exposed to either RA or oxygen. This created the following four groups: RA-CD45.1¡O 2 (Fig. 5A) . The RA¡RA and O 2 ¡O 2 groups serve as controls, with the expectation that responses in these groups would mirror effects observed in intact adult mice that were maintained in RA or exposed to four days of supplemental oxygen at birth.
The four groups of chimeric mice were infected with influenza A virus 10 wk after reconstitution, and morbidity and mortality were monitored. Importantly, all groups of mice evaluated were a comparable weight before infection (data not shown). Similar to nonchimeric adult mice exposed to neonatal hyperoxia, mice in the O 2 ¡O 2 group lost significantly more weight during the first 7 days of infection and experienced higher mortality than infected mice in the RA¡RA group (Fig. 5, B and C) . Infected mice in both of the mixed chimera groups (RA¡O 2 and O 2 ¡RA) also displayed lower levels of survival than did mice in the RA¡RA group (Fig. 5, B and C) . Weight loss and survival in these experiments may seem slightly discordant. However, weight loss during influenza virus infection is not necessarily indicative of disease outcome, as weight loss is often not accurately predictive of survival (47) . Overall, these data suggest that exposure to a hyperoxic environment at birth may have local and systemic effects.
After infection, there was no discernible difference in the percentage (Fig. 6A ) and number (data not shown) of CD45.1 ϩ NK cells in the lungs among all four groups. Similar to the difference observed when intact adult mice exposed to O 2 and RA mice at birth are infected, O 2 -exposed hosts that received bone marrow from O 2 -exposed donors (O 2 ¡O 2 ) displayed a significant decrease in the number of IL-22
ϩ NK cells compared with infected RA¡RA mice (Fig. 6B) . Likewise, O 2 -exposed hosts that received RA bone marrow cells (RA¡O 2 ) exhibited fewer IL22
ϩ NK cells in the infected lung. This is consistent with ϩ NK cells at day 7 postinfection. Data are displayed as means Ϯ SE. There were 8 mice in each treatment group, and 1 experiment that is representative of at least 2 independent experiments is shown. *P Յ 0.05, two-way ANOVA followed by post hoc Tukey-Kramer honestly significant difference (HSD) test for time-course studies and Student's t-test for single points in time.
a role for the altered lung as a factor that influences the altered immune response to infection. Yet, oxygen exposure of the donor bone marrow cells (O 2 ¡RA) was also sufficient to diminish the number of IL-22
ϩ NK cells in the infected lung (Fig. 6B ). These observations suggest that neonatal oxygen supplementation influences inherent properties of hematopoietic cells as well as changing extrahematopoietic environments, such as the lung. 
DISCUSSION
Supplemental oxygen treatment, along with other clinical interventions, has increased the survival of preterm infants and resulted in a shift in the window of viability to include neonates born as early as 22 wk of gestation (11, 43, 51) . Despite this improved survival, being born too soon in conjunction with life-saving medical procedures leads to persistent sequelae, including increased incidence and severity of respiratory infections (41) . Therefore, it is critical to gain a clearer understanding of the mechanisms that cause permanent changes. It is well established that neonatal oxygen supplementation changes the lung epithelium; however, it is important to further define the extent to which organ systems outside the lung may be affected (35) . Mouse models of neonatal hyperoxia reveal altered responses to respiratory viral infection, potentially mirroring the respiratory morbidity seen in infected children born preterm (26, 34, 36) . Prior studies examined the contribution of modified adaptive immune responses to this altered disease outcome and found that CD8 ϩ T cells expanded and differentiated normally in response to infection (16, 34) . Similarly, no impairment was observed in CD4 ϩ T-cell responses following infection or after sensitization and challenge with ovalbumin (34, 38) . Therefore, this study focused on whether early-life oxygen exposure affected innate immune cells and specifically NK cells, because NK cells are important antiviral mediators, which release cytokines that shape host response to viral infection (7) . We interrogated whether neonatal oxygen supplementation altered NK cell accumulation or phenotype in the lungs of mice. Additionally, we determined whether supplemental oxygen at birth could directly act upon the hematopoietic compartment, leading to persistent changes in the response of NK cells upon infection.
In this study, we show that NK cells from adult mice exposed to supplemental oxygen at birth display a propensity Weight loss data are from 5 to 6 mice per group (RA¡RA n ϭ 5, O2¡RA n ϭ 6, RA¡O2 n ϭ 6, O2¡O2 n ϭ 5). Survival data are from 5-9 mice per group (RA¡RA n ϭ 7, O2¡RA n ϭ 7, RA¡O2 n ϭ 9, O2¡O2 n ϭ 8). *P Յ 0.05, Dunnett's test with RA¡RA as the control group. toward classical effector NK cell responses, such as expression of IFN-␥ and granzyme B. Moreover, the frequency of IL22 ϩ NK cells, which are considered NK cells with a tissue reparative function, is decreased. Previous reports showed that increased mortality after influenza A virus infection was not due to changes in viral titers and viral clearance or defects in the control response. However, in contrast to RA controls, surviving mice that had been exposed to neonatal hyperoxia exhibit pulmonary fibrosis suggesting an altered repair process in the lung (8, 34) . IL-22 is critical for promoting growth and regeneration of a healthy epithelium (29, 42) . Although it is better studied in the digestive tract, where it maintains the intestinal barrier, IL-22 has recently been shown to play an important role in the lung, as absence of this cytokine leads to extensive fibrosis upon viral infection (19, 29, 53) . In addition to pathophysiological consequences of the complete absence of IL-22, decreased IL-22 levels in the lung exacerbate pathology in bleomycin-induced fibrosis (30) . Also, despite critical roles of NK cell antiviral function, excessive NK cell cytotoxicity can promote pathology (1) . Therefore, the observed decrease in IL22 ϩ NK cells, working in concert with the increase in effector NK cells, could contribute to poorer lung repair processes and to the exacerbated postinfection fibrosis that has been observed in lungs of infected adult mice that had received neonatal oxygen supplementation (8, 9, 34) .
In addition to pulmonary health effects, preterm infants who receive oxygen therapy display impeded growth, neurodevelopmental delays, and develop retinopathy of prematurity, indicating that neonatal supplemental oxygen has pathophysiological effects outside of the lung (22, 37, 39, 40) . How early life supplemental oxygen affects these systems is not fully understood. Yet, the mechanisms leading to these negative health outcomes likely differ among the affected specific organ systems. There are several possible mechanisms that underlie the observed changes in NK cells. One possibility is that the NK cells themselves are unchanged but that they receive altered signals from other immune cells and from lung epithelial cells. Consistent with this interpretation, NK cells in mice exposed to supplemental oxygen at birth appear to be similar to NK cells in unexposed mice initially. Moreover, no overt differences in hematopoietic lineage precursors were observed. However, as infection progresses, the proportion of NK cell subsets in mice exposed to neonatal oxygen supplementation is altered, such that there is a decrease in IL-22 ϩ NK cells and an increased proportion of IFN-␥ ϩ NK cells. A simple explanation is that NK cells are responding to reduced levels of the cytokines that elicit IL-22 production, such as IL-23; however, our findings thus far do not support this being the critical mechanism driving these outcomes. Rather, there may be a combination of mechanisms at play, resulting in changes in the recruitment, retention, or elimination of NK cell subpopulations in the lung. Alternatively, NK cells in mice exposed to neonatal hyperoxia could have inherently different properties due to reprogramming of this lineage, which leads to altered responses to viral infection. Developmental exposure with other agents has been shown to alter the functional capacity of bone marrow progenitors; therefore, it is possible that NK cell precursors could be modified by supplemental oxygen exposure at birth but that the consequences of are not observed until they are activated by another insult, such as viral infection (2).
Another possible explanation for the results is that NK cells are not inherently changed but that other hematopoietic cells may be affected by neonatal oxygen supplementation. NK cells receive cues from various other cells during immune responses, specifically dendritic cells. Therefore, the idea that systemic inflammation and the release of growth factors or chemokines can induce changes in immune progenitor cell mobilization or motility in the bone marrow, and may even regulate HSC function directly, may be a contributing factor to the observed outcomes (3, 14) . As one set of examples, granulocyte colony-stimulating factor (GCSF) and CC chemokine receptor 2 (CCR2) signaling are required for release of neutrophil and monocyte progenitors, respectively (27, 49) . Additionally, tumor necrosis factor-␣ (TNF-␣) has been shown to modulate proliferation of HSCs (23) . Since neonatal hyperoxia can induce the production of inflammatory mediators including TNF-␣ and IL-6, it is possible that neonatal hyperoxia could induce systemic changes within the bone marrow compartment that may not cause changes in the number of progenitor cells but may lead to altered programming of progenitor populations and changes in their function (5) . High levels of oxygen in conjunction with the local structural changes caused by neonatal oxygen supplementation could also alter the normal commensal environment of the lung. Although the examination of the lung microflora is a relatively new field of study, its role is being characterized in a number of disease states such as cystic fibrosis, allergic airway disease, and bronchopulmonary dysplasia (4, 18, 20, 44) . Extensive research is also underway to understand how changes in the microbiota of the gut alter both local and systemic inflammatory conditions, including changes in lung immunity (33, 48) . Therefore, it is possible that alterations to the microbiota of the lung and digestive tract could have systemic effects and promote prolonged changes in local immunity.
In summary, this study demonstrates that neonatal oxygen supplementation alters the response of NK cells to respiratory viral infection, such that there is an increased frequency of IFN-␥ ϩ NK cells and fewer IL22 ϩ NK cells in the lung. This work also reveals that early life oxygen exposure affects not only the lung but durably changes NK cells. Developing new therapies for reducing respiratory morbidity in children born preterm will therefore require a better understanding of how early-life oxygen exposures disrupts both lung development and hematopoietic cells involved in innate and adaptive immunity.
